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Background Measurement of the fusion cross-section for neutron-rich light nuclei is crucial in ascertaining if fusion of these
nuclei occurs in the outer crust of a neutron star.
Purpose To measure the fusion excitation function at near-barrier energies for the 19O + 12C system and compare the
experimental results with the fusion excitation function of 18O + 12C and 16O + 12C.
Method A beam of 19O, produced via the 18O(d,p) reaction, was incident on a 12C target at energies near the Coulomb
barrier. Evaporation residues produced in fusion of 18,19O ions with 12C target nuclei were detected with good geometric
efficiency and identified by measuring their energy and time-of-flight.
Results A significant enhancement in the fusion probability of 19O ions with a 12C target as compared to 18O ions is observed.
Conclusion The significantly larger cross-sections observed at near barrier energies are not predicted by a static model of
fusion for 19O + 12C indicating that dynamics play an important role in the fusion of neutron-rich light nuclei.
PACS numbers: 26.60.Gj, 25.60.Pj, 25.70.Jj
The conversion of matter to energy in the fusion of two
nuclei is an extremely important process. Not only is it
responsible for element production whether in stellar in-
teriors [1] or terrestially [3, 4], but it is also associated
with the release of a tremendous amount of energy [5].
It has recently been proposed that fusion reactions are
responsible for fueling the energy release associated with
X-ray superbursts [6]. In an X-ray superburst, an accret-
ing neutron star releases as much energy (1042 ergs) in a
few hours as our sun does in an entire decade [7]. The
fusion reaction proposed to fuel the X-ray superburst is
fusion of 12C nuclei. However, the temperature of the
neutron star crust appears to be too low for this reaction
to occur. It has been hypothesized that fusion of two
neutron-rich light nuclei occurs more readily than the
corresponding β-stable isotopes, providing a heat source
that triggers the 12C fusion [6]. While the fusion of both
light and heavy β-stable nuclei has been studied for sev-
eral decades, only recently has the investigation of fusion
of neutron-rich nuclei become feasible due to radioactive
beam facilities [8–12].
Fusion of two nuclei is impacted both by the struc-
ture of the two nuclei as well as the dynamics of the
fusion process. While for heavy nuclei the role of collec-
tive modes during the fusion process is well established
[13], the fusion of light nuclei near β-stability is reason-
ably well described without inclusion of significant fusion
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dynamics. Investigating fusion using an isotopic chain
of projectile nuclei provides a unique opportunity. As
the charge distribution of the projectile nuclei is essen-
tially unaffected by the additional neutrons, the repulsive
Coulomb potential is largely unchanged. Consequently,
the comparison of the fusion excitation functions for the
different projectiles provides access to the change in the
attractive nuclear potential. This change in the attrac-
tive potential can be related to changes in the neutron
density distribution with increasing number of neutrons.
An initial measurement of fusion induced with
neutron-rich oxygen nuclei suggested an enhancement of
the fusion probability as compared to a standard fusion-
evaporation model [14]. Recently, the fusion of 10,14,15C
+ 12C has been investigated using a novel active target
approach [15]. At the above barrier energies studied, no
significant fusion enhancement was observed relative to
a simple barrier penetrability model. Close examination
of the 15C + 12C data presented reveals that while the
data manifest a lower value of the astrophysical S factor
at higher energies as compared to the model, at lower
energies there is an indication that the data exceed the
model predictions. It can be argued on general grounds
that fusion enhancement is best studied at near and be-
low barrier energies. At low incident energies, the impor-
tance of central (low l-wave) collisions, which emphasize
the attractive nuclear interaction, is enhanced. In addi-
tion, low relative energy allows the changing internuclear
potential to effectively couple with collective excitations
in the two nuclei, resulting in a fusion enhancement.
To definitively establish if neutron-rich light nuclei
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FIG. 1: (Color online) Schematic illustration of the experi-
mental setup. The MCPRESOLUT detector is located approx-
imately 3.5 m upstream of the compact ionization chamber
(CID) which is situated directly in front of the MCPTGT de-
tector. Inset: Energy deposit versus time-of-flight spectrum
for ions exiting RESOLUT that are incident on 12C target
at Elab=46.7 MeV. Color is used to represent yield in the
two-dimensional spectrum.
exhibit a fusion enhancement at sub-barrier energies,
high quality experimental data is needed. As beams of
neutron-rich nuclei far from β-stability, which will pro-
vide the most stringent test of fusion models, will be
available at low intensity, it is crucial to develop an exper-
imental approach capable of measuring the fusion cross-
section using such low-intensity radioactive beams. In
this work, we present for the first time a measurement
of the total fusion cross-section for 19O + 12C at inci-
dent energies near the barrier and compare the results
with the fusion cross-section for 16,18O + 12C as well as
a theoretical model of fusion.
The experiment was performed at the John D. Fox ac-
celerator laboratory at Florida State University. A beam
of 18O ions, accelerated to an energy of 80.7 MeV, im-
pinged on a deuterium gas cell at a pressure of 350 torr
and cooled to a temperature of 77 K. Ions of 19O were
produced via a (d,p) reaction and separated from the in-
cident beam by the electromagnetic spectrometer RES-
OLUT [16]. Although this spectrometer rejected most of
the unreacted beam that exited the production gas cell,
the beam exiting the spectrometer consisted of both 19O
and 18O ions necessitating identification of each ion on a
particle-by-particle basis. Identification of each incident
beam particle in the beam mixture allowed simultaneous
measurement of 18O + 12C and 19O + 12C. This dual
measurement provided a robust measure of the potential
fusion enhancement. The setup used to measure fusion
of oxygen ions with carbon nuclei in this experiment is
depicted in Fig. 1. To identify beam particles, the en-
ergy deposit (∆E) and time-of-flight (TOF) of each par-
ticle was measured prior to the target. After exiting the
RESOLUT spectrometer particles traverse a thin foil (0.5
µm thick aluminized mylar) ejecting electrons in the pro-
cess. These electrons are accelerated and bent out of the
beam path and onto the surface of a microchannel plate
detector (MCPRESOLUT) where they are amplified to pro-
duce a fast timing signal. After traversing the thin foil
of MCPRESOLUT, the oxygen ions passed through a com-
pact ionization detector (CID) located approximately 3.5
m downstream of MCPRESOLUT. In passing through this
ionization chamber, ions deposit an energy (∆E) charac-
terized by their atomic number (Z), mass number (A),
and incident energy. After exiting CID the ions are inci-
dent on a 105 µg/cm2 carbon foil. This carbon foil serves
both as a secondary electron emission foil for the target
microchannel plate detector (MCPTGT) and as the tar-
get for the fusion experiment [20]. Periodic insertion of
a surface barrier, silicon detector directly into the beam
path just prior to the target provided a measurement of
the energy distribution of 19O and 18O ions incident on
the target.
By utilizing the timing signals from both microchan-
nel plate detectors together with the energy deposit in
the ionization chamber, a ∆E-TOF measurement is per-
formed. This measurement allows identification of ions
in the beam as indicated in the inset of Fig. 1. Clearly
evident in the figure are three peaks associated with the
19O7+ ions, 18O7+ ions, and 18O6+ ions. The cleanly
identified 19O ions corresponded to approximately 31 %
of the beam intensity with the 18O7+ and 18O6+ corre-
sponding to approximately 20 % and 29 % respectively.
The intensity of the 19O beam incident on the target was
1.5 - 4 x103 ions/s. Fusion of a 19O (or 18O) nucleus in the
beam together with a 12C nucleus in the target foil results
in the production of an excited 31Si (or correspondingly
30Si) nucleus. For collisions near the Coulomb barrier the
excitation of the fusion product is relatively modest, E∗
≈ 35 MeV. This fusion product de-excites by evaporation
of a few neutrons, protons, and α particles resulting in an
evaporation residue (ER). Statistical model calculations
[18] indicate that for a 31Si compound nucleus, the nu-
clei 30Si, 29Si, 28Si, 29Al, 28Al, 27Mg, and 26Mg account
for the bulk of the ERs. Emission of the light particles
deflects the ER from the beam direction due to momen-
tum conservation. The ERs are detected and identified
by two annular silicon detectors designated T2 and T3
situated downstream of the MCPTGT. These detectors
subtend the angular range 3.5◦ < θlab < 25
◦. Evapora-
tion residues are distinguished from scattered beam, as
well as emitted light particles, by measuring their time-
of-flight between the MCPTGT detector and the silicon
detectors [17] together with the energy deposit in the Si
detector. Using the measured energy deposit and the
time-of-flight, the mass of the ion can be calculated. By
this means, ERs are cleanly distinguished from the inci-
3dent beam [19].
The fusion cross-section is extracted from the mea-
sured yield of evaporation residues through the relation
σfusion = NER/(ǫER x t x NI) where NI is the num-
ber of beam particles of a given type incident on the
target, t is the target thickness, ǫER is the detection ef-
ficiency, and NER is the number of evaporation residues
detected. The number NI is determined by counting the
particles with the appropriate time-of-flight between the
two microchannel plates that additionally have the cor-
rect identification in the ∆E-TOF map depicted in the
inset of Fig. 1. The target thickness, t, of 105 µg/cm2 is
provided by the manufacturer and has an uncertainty of
± 0.5 µg/cm2. The number of detected residues, NER, is
determined by summing the number of detected residues
clearly identified by the ETOF technique [19]. To obtain
the detection efficiency, ǫER, a statistical model is used to
describe the de-excitation of the fusion product together
with the geometric acceptance of the experimental setup.
The detection efficiency varied from 37 % at the highest
incident energies measured to 42 % at the lowest incident
energy due to the changing kinematics of the reaction.
Presented in Fig. 2 is the dependence of the fusion
cross-section on incident energy for 19O + 12C (up tri-
angles) and 18O + 12C (down triangles) measured in the
present experiment. Also shown for comparison is a prior
high resolution measurement (closed circles) [19] for 18O
+ 12C. This high resolution measurement utilized a di-
rect high quality beam of 18O with a similar experimen-
tal setup to the present experiment [19, 20]. It is clear
from Fig. 2 that the measured cross-section for the 18O
beam in the present experiment (down triangles) is in
good agreement with the previous high resolution mea-
surements (closed circles), providing confidence in the
radioactive beam cross-sections simultaneously measured
in the present experiment. Also shown in Fig. 2 (open
circles) is the fusion excitation function for 16O + 12C
[21]. The data presented [21] utilizes only direct mea-
surement of evaporation residues to characterize the ex-
citation function. This excitation function has also been
measured by detection of γ rays in a thick-target experi-
ment. Although the data from this γ-ray experiment [22]
is in reasonably good agreement with the excitation func-
tion depicted, the thick target measurements are subject
to different uncertainties as compared to the direct detec-
tion of ERs. Consequently, we omit the thick target data
in order to make the most straightforward and relevant
comparison.
All of the excitation functions depicted in Fig. 2a man-
ifest the same general trend. With decreasing incident
energy the cross-section decreases as expected for a bar-
rier controlled process. Closer examination of the 19O
and 18O reactions reveals that the 19O data exhibits a
larger fusion cross-section as compared to the 18O data
at essentially all energies measured. The most impor-
tant feature of the measured excitation functions is that
at the lowest energies measured the fusion cross-section
for the 19O system decreases more gradually with de-
10
210
310
2÷
4÷
a)
Wong
C12O + X  
O19 IU
O,RIB18 IU
O18 IU
O16 Eyal
10
210
310
4÷
b)
SaoPaulo
 (MeV)c.m.E
6 8 10 12 14 16 18
 
(m
b)
σ
FIG. 2: (Color online) Fusion excitation function for 16,18,19O
ions incident on 12C target nuclei. Top panel: For clarity,
the cross-sections for the 18O and 16O induced reactions have
been scaled down by a factor of two and four respectively.
Lines correspond to fits of experimental data with the Wong
formalism. Bottom panel: Lines correspond to predictions of
the RMF+Sao Paulo model. While the cross-sections for the
18O reaction are unscaled, the 16O reaction has been scaled
down by a factor of four. See text for details.
creasing energy than does the 18O system. In order to
better quantify these differences in the fusion excitation
functions we have fit the measured cross-sections with a
one dimensional barrier penetration model. The Wong
formalism [23] considers the penetration of an inverted
parabolic barrier with the cross-section given by:
σ =
R2C
2E
~ω · ln
{
1 + exp
[
2π
~ω
(E − VC)
]}
(1)
where E is the incident energy, VC is the barrier height,
RC is the radius of interaction, and ~ω is the barrier
curvature. The fit of the high resolution 18O data and
the 16O data are indicated as the solid black and dashed
black lines in Fig. 2a respectively. The solid red curve in
Fig. 2a depicts the fit of the 19O data. With the excep-
tion of the cross-section measured at Ec.m. ≈ 12 MeV, the
measured cross-sections are also reasonably described by
4the Wong formalism. The extracted parameters for the
16O, 18O, and 19O reactions are summarized in Table
1. It is not surprising that the barrier height, VC , re-
mains essentially the same for all of the three reactions
examined as the charge density distribution is essentially
unchanged. With increasing neutron number an increase
in RC is observed as one might expect. The most sig-
nificant change in the Wong parameters is a substantial
increase in the magnitude of ~ω for the 19O case reflect-
ing a narrower barrier, indicating an increased attractive
nuclear potential.
TABLE I: Wong fit parameters for the indicated fusion exci-
tation functions. See text for details.
VC (MeV) RC (fm) ~ω (MeV)
16O + 12C 7.93 ± 0.16 7.25 ± 0.25 2.95 ± 0.37
18O + 12C 7.66 ± 0.10 7.39 ± 0.11 2.90 ± 0.18
19O + 12C 7.73 ± 0.72 8.10 ± 0.47 6.38 ± 1.00
In order to better understand whether the fusion en-
hancement observed for 19O is associated with changes in
the nuclear structure or an increased role of dynamics as
the neutron number is increased , we have calculated the
fusion of oxygen isotopes with 12C nuclei with a simple
model. To disentangle the role of structure from dynam-
ics, fusion of the two nuclei has been calculated with a
Sao Paulo model [24]. As the Sao Paulo model does not
include any dynamics it allows one to assess the changes
in the fusion cross-section due solely to the changes in
the density distributions of the nuclei. These density dis-
tributions have been calculated with a relativistic mean
field theory [25, 26]. As expected, within the RMF the-
ory with increasing neutron number the tail of the neu-
tron density distribution increases slightly while the pro-
ton density distribution is largely unchanged. The cross-
section predicted from the RMF+Sao Paulo model is de-
picted in Fig. 2b. While the dashed (black) and solid
(black) curves provide a reasonable description of the
16O and 18O fusion with a 12C nucleus, the model pre-
dicts essentially no fusion enhancement in the case of 19O
relative to 18O.
Having parameterized the measured cross-sections us-
ing the Wong formalism, it is possible to more quan-
titatively examine the observed fusion enhancement and
compare the result with the RMF+Sao Paulo model. The
dependence of the measured ratios of σ(19O)/σ(18O) and
σ(18O)/σ(16O) on Ec.m. are shown in Fig. 3a. The solid
line corresponds the ratio of the Wong fit for 19O to the
Wong fit for 18O. For Ec.m. > 10 MeV, this ratio is es-
sentially constant at a value of approximately 1.2. In the
energy domain above the barrier one expects the ratio
of the two cross-sections to be governed by the ratio of
their geometric cross-sections namely the square of the
ratio of their radii. The 20% increase in the cross-section
observed for 19O relative to 18O can thus be associated
with a larger radius for 19O as compared to 18O. For
Ec.m. < 10 MeV, the quantity σ(
19O)/σ(18O) increases
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FIG. 3: Left panel: Dependence of the measured rela-
tive fusion cross-section σ(19O)/σ(18O) and σ(18O)/σ(16O)
on Ec.m.. The shaded region depicts the uncertainty as-
sociated with the ratio for the 19O reaction. Right panel:
Relative fusion cross-section predicted for σ(18O)/σ(16O),
σ(19O)/σ(18O), σ(22O)/σ(18O), and σ(24O)/σ(18O) by the
RMF+Sao Paulo model.
rapidly reaching a value of ≈ 3 at the lowest energy mea-
sured. For reference, it is useful to examine the behavior
of σ(18O)/σ(16O) presented as the dashed line in Fig. 3a.
At energies well above the barrier σ(18O)/σ(16O) is es-
sentially flat at a value of ≈ 1.1. As one approaches
the barrier it increases to a value of approximately 1.7.
Hence the enhancement observed for 19O is significantly
larger than in the case of 18O.
The cross-section ratios predicted by the RMF+Sao
Paulo model are presented in Fig. 3b. Although the
behavior of the ratio σ(18O)/σ(16O) (dashed red line)
is reasonably good agreement with the experiment, for
σ(19O)/σ(18O) (solid red line) the model fails to repro-
duce the observed trend. At high energies, Ec.m. > 10
MeV, the predicted relative cross-section has a value of ≈
1.03, significantly less than the experimentally observed
value of ≈ 1.2. In the near barrier domain, Ec.m. <
10 MeV, the underprediction by the theoretical calcu-
lation is even more dramatic. The model fails to exhibit
the marked increase with decreasing energy that is ex-
perimentally observed, only increasing to a value of 1.2
at Ec.m.= 7 MeV. This failure of the RMF+Sao Paulo
model to accurately describe the change in the fusion
cross-section with addition of a neutron to 18O at both
high and low energies is significant. Either the density
distributions provided by the RMF model do not accu-
rately represent the tail of the neutron density distribu-
tion or dynamics unaccounted for in the Sao Paulo model
is important.
To assess whether a modest change in the neutron
density distribution increases the relative fusion cross-
section predicted by the RMF+Sao Paulo model, we also
5show the results for σ(22O)/σ(18O), and σ(24O)/σ(18O)
in Fig. 3b. As the neutron number increases and the tail
of the neutron density distribution extends further out,
a larger enhancement of the relative cross-section is ob-
served at near and sub-barrier energies. For 22O, and 24O
at Ec.m.= 7 MeV an enhancement of 2.0, and 5.0 is pre-
dicted. As it is unreasonable for the tail of the 19O neu-
tron density distribution to be intermediate between 22O,
and 24O, we deduce that the observed experimental en-
hancement indicates the importance of fusion dynamics.
As the two nuclei approach each other at near barrier en-
ergies, excitation and polarization of the nuclei can occur,
enhancing the fusion process. Unpaired neutrons, due to
their weaker binding, may be particularly effective in en-
hancing fusion. Systematic measurement of fusion exci-
tation functions for isotopic chains of neutron-rich light
nuclei would provide a robust means for elucidating both
the influence of nuclear structure as well as dynamics on
the fusion cross-section. While the present comparison
with the static RMF+Sao Paulo model represents a first
step in demonstrating that dynamics plays an important
role in the fusion of neutron-rich light nuclei, comparison
with more sophisticated models that directly incorporate
dynamics is necessary. Efforts to compare the present ex-
perimental data with a density constrained time depen-
dent Hartree-Fock model [27] are presently underway.
In summary, we have developed an experimental tech-
nique to measure fusion induced by low-intensity radioac-
tive beams (103-106 ions/s). Using this approach we have
measured for the first time the fusion of 19O + 12C at in-
cident energies near and below the barrier to investigate
whether fusion of neutron-rich light nuclei is enhanced
relative to their β stable isotopes and may serve as a
heat source triggering X-ray superbursts in an accret-
ing neutron star. Comparison of the fusion excitation
function for 19O + 12C with that of 18O + 12C, clearly
demonstrates that for the 19O system, fusion is signifi-
cantly enhanced. Well above the barrier this enhance-
ment is approximately 20 % which can be related to an
increase in the radius due just to the presence of the ad-
ditional neutron. Near and below the barrier the fusion
enhancement is even more dramatic, increasing to a fac-
tor of three at the lowest energy measured. To ascertain
if the fusion enhancement can be understood simply in
terms of the extended tail of the neutron density distri-
bution, we have compared the experimental results with
a static fusion model. Using proton and neutron den-
sity distributions calculated with a relativistic mean field
(RMF) model, the Sao Paulo fusion model fails to predict
the measured enhancement. Only for extremely neutron-
rich nuclei does the RMF+Sao Paulo model predict an
enhancement comparable in magnitude to the measured
enhancement, suggesting the importance of dynamics in
the fusion of neutron-rich light nuclei. This result mo-
tivates measurement of fusion, using this technique, for
even more neutron-rich oxygen nuclei at energies near
and below the barrier to elucidate the defining charac-
teristics of this fusion enhancement [28].
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